Abstract-Diffusion tensor imaging (DTI) is a noninvasive imaging method for measuring the diffusion properties of the underlying white matter tracts through which epileptiform activity is propagated. This study investigates the structural abnormalities quantified by DTI in mesial temporal lobe epilepsy (mTLE). Fiber tracts passing through 54 anatomical sites in 12 adult mTLE patients and 12 age-and gender-matched controls were identified using DTI tractography. DTI nodal degree (ND) and laterality index were then calculated. ND laterality, after Bonferroni adjustment, showed significant differences for right versus left mTLE in gyrus rectus, insular cortex, precuneus and superior temporal gyrus (p<0.025). None of these anatomical sites showed statistically significant differences in ND laterality between right and left sides of the controls. Laterality models determined by logistic regression on the ND laterality data agreed with the side of epileptogenicity as it pertained to the gyrus rectus, insular cortex, precuneus and superior temporal gyrus for 89%, 72%, 83% and 92% of the patients, respectively. Combining the laterality measures in these four anatomical sites improved the results further with correct lateralization of 100% for all patients. The proposed methodology for using DTI connectivity to investigate diffusion abnormalities related to focal epileptogenicity and propagation can provide a further means of noninvasive lateralization.
I. INTRODUCTION
Over sixty-five million people worldwide and three million people in the United States are diagnosed with epilepsy, 15 to 20% of which remain medically refractory in spite of antiepileptic medical therapy [1] . Mesial temporal lobe epilepsy (mTLE) is the most common form of surgically remediable focal epilepsy, accounting for 60 -75% of patients undergoing surgery for medically refractory epilepsy [2] . Intracranial electroencephalography (icEEG) optimizes localization of focal epileptogenicity, although it incurs great expense, and carries risks of infection, intracranial hemorrhage and elevated intracranial pressure [3] . This has inspired further work with noninvasive neuroimaging methods to provide better definition of focal epileptogenicity and obviate the need for invasive study in some patients and perhaps altogether [4, 5] .
Diffusion tensor imaging (DTI) is a noninvasive MRI technique which quantifies diffusion properties of water molecules and the degree and direction of anisotropy in biological tissues. Cerebral tissue has highly heterogeneous diffusion properties due to regional differences in nerve fiber density, concentrations of macromolecules and intracellular organelles and myelination density. Tractography can identify virtual pathways of major nerve fiber tracts and quantify abnormalities in these tracts that underlie disruption of the microstructural environment with subsequent reduction of diffusion anisotropy [6, 7] . This paper presents a method by which DTI connectivity can be used in such a fashion to investigate a putative epileptogenic network. We hypothesize that DTI nodal degree (ND) laterality can contribute to noninvasive lateralization of mTLE patients.
II. MATERIALS AND METHODS

A. Patients and Treatment
Twelve consecutive adult patients with refractory TLE (five left, six females) who had undergone DTI were selected for this study. Each had undergone inpatient videoelectroencephalography, MRI, neuropsychological evaluation and intracarotid sodium amobarbital injection for evaluation of verbal memory capacity. Those lacking sufficient lateralization by this stage underwent further study by intracranially implanted electrodes for extraoperative electroencephalography. Patients were excluded if their MRI indicated cortical dysplasia, tumor, dilated ventricles or previous resection. Four patients had pathologically-proven hippocampal sclerosis. All patients underwent surgical resection and achieved an Engel class I outcome (i.e., seizurefree one year postoperatively). Twelve age-and gendermatched healthy control subjects without neurologic disorders underwent DTI study with the same parameters. 
B. Diffusion Tensor Imaging
All subjects underwent preoperative imaging in a 3.0T MRI system (GE Medical Systems, Milwaukee, U.S.A.) using a standardized protocol for image acquisition. Coronal T1-weighted images were acquired using the spoiled gradient echo (SPGR) protocol with TR/TI/TE=10400/4500/300 ms, 
C. Brain Model
A brain model was constructed for each individual's T1-weighted high-resolution volumetric MR image. We used a probabilistic brain atlas composed of 56 structures from manually delineated MRI data constructed [8] as a standard volumetric brain model with each location specified in MNI305 coordinates. This atlas contains all cerebral lobes and, specifically, the right and left hippocampi, limbic gyri, insular cortices, caudate, putamen, cerebellum and brainstem. Excluding the cerebellum and brainstem reduced the number of anatomical regions to 27 in each cerebral hemisphere.
D. DTI Preprocessing
The DTI data were prepared by interpolation to a cubic voxel size of 1.96 mm and tensor, fractional anisotropy (FA) and mean diffusivity (MD) calculation [9] . For the purpose of tractography, the principal diffusion direction (PDD), the eigenvector corresponding to the largest eigenvalue of the tensor, was also calculated from the tensor. Using an affine registration tool (FLIRT, FSL) [10] T 1 -weighted images and subsequently the extracted anatomical regions were coregistered to the DTI data to establish the input ROI for tractography.
E. DTI Tractography and Connectivity
Tractography offers a method of identifying diffusion parameters associated with white matter tracts that may facilitate the propagation of epileptic activity. The tractography was performed automatically using FACT Streamline [11] implemented in a home-made tractography application between all 54 anatomical regions ( Figs. 1 and 2 ). Streamline fiber tracking parameters comprised an FA threshold of 0.10, minimum fiber length of 0.10 mm, and maximum allowed angle bending between two fiber segments of 45°. The FA threshold eliminated the inclusion of gray matter to allow comparison of diffusion properties of only the resultant white matter tracts. The minimum fiber length threshold eliminated the irrelevant minor fibers that are essentially constructed from DTI noise. The maximum allowed angle threshold guaranteed a smooth fiber trajectory expected in practice. With the reconstructed fibers, a connectivity matrix was constructed for each subject by calculating the mean FA value of the voxels of all fibers connecting each pair of regions:
where represents the ℎ fiber connecting the brain sites , .
F. Nodal Degree Laterality
By eliminating the baseline variations from the connectivity elements on a voxel-wise manner, the ND of a brain site i is defined as [12] :
where C and S denote the cohorts of controls and all subjects, respectively. The ND laterality was computed to determine which hemisphere exhibited the higher ND:
where ( ) and ( + 27) represent the ND for the site in the left and right hemispheres, respectively. (a) (b) Figure 2 . Density map of tracts overlaid on the MNI registered brain [13] , between the insular cortex and all other anatomical regions averaged on the left (a) and right mTLE patients (b).
F. Statistical Analysis
Two-way repeated measures analysis of variance (RMANOVA) was used to examine the relationships of the ND laterality measurements with the brain regions (i.e., a repeated factor) and the mTLE laterality type (i.e., a fixed factor) [14] . Of particular interest were tests for interaction between a region and a laterality type, since a significant interaction would imply that separate one-way ANOVAs are required to assess mTLE laterality type.
For each region, one-way ANOVA on the mTLE laterality type was performed and multiple comparisons were addressed by Bonferroni adjustments for two pairwise comparisons between laterality types (p<0.05/2=0.025). However, the oneway ANOVAs were considered statistically significant only if the overall ANOVA F-test for all mTLE laterality types was also significant after a multiple comparisons adjustment (p<0.05/27=0.0019).
G. Lateralization Response-Driven Models
The statistically significant ND laterality measures between the left and right mTLE cohorts were considered as multivariate independent variables and incorporated into the development of response-driven models of laterality using logistic function regression [15] . In order to assess how the multinomial logistic function generalized to an independent dataset and how accurately this response model performed in practice, a cross-validation was performed using the 'leaveone-out' approach [16] . The probability of detection on the test data was then calculated [17, 18] .
III. RESULTS
A. Nodal Degree Laterality
The ages of the male and female subjects across any of the right and left mTLE and control cohorts were statistically comparable. Two-way RMANOVA demonstrated significant interaction in ND laterality between both regional and mTLE laterality types (p<0.001). The ND laterality showed significant differences in the gyrus rectus, insular cortex, precuneus and the superior temporal gyrus in both overall ANOVA F-test for mTLE laterality types and t-tests between pairs of right and left mTLE, after Bonferroni adjustments (p< 0.0019 and p<0.025, respectively; Fig. 3a) . None of these anatomical sites showed statistically significant differences in nodal degree laterality between right and left sides of the controls. Figure 1 shows the tractography results overlaid on the MNI registered brain, performed from the insular cortex and the superior temporal gyrus for a single patient with left mTLE. Figure 2 shows the average density map of tracts originating from insular cortex, for both cohorts of left and right mTLE patients. Note that fewer tracts were reconstructed posteriorly originating from the ipsilateral insular cortex, compared to its contralateral side to the epileptogenicity. Figures 3b and 3c show the mean nodal degree in the gyrus rectus, insular cortex, precuneus and the superior temporal gyrus for the left and right mTLE patient cohorts, respectively.
B. mTLE Lateralization Models
The laterality was modeled by logistic regression of the ND laterality data in the gyrus rectus, insular cortex, precuneus, and superior temporal gyrus. By averaging over 12 repetitions of leave-one-out cross validation, the probability of detection achieved 0.89±0.04, 0.72±0.04, 0.83±0.04 and 0.92±0.02 for the laterality models of the gyrus rectus, insular cortex, precuneus, and superior temporal gyrus, respectively. Combining the laterality measures in these four anatomical sites improved lateralization results to 100% of the patients.
IV. DISCUSSION AND CONCLUSION
This study described a method of using DTI connectivity to investigate white matter fibers associated with epileptiform activity in the mTLE patients. It shows that the hemisphere containing the epileptic focus in the mTLE patients may be determined using a connectivity-based laterality model involving these brain areas.
Previous studies suggest that abnormal water diffusion, identified as changes in FA or MD, may be found in identified white matter tracts of epileptic networks in both temporal and extratemporal structures [14, 19] . Investigation of structural connectivity in mTLE using DTI has shown similar promise in lateralizing epileptogenicity [20] . In this context, the brain is modeled as a network of connected nodes. The nodes are selected based upon structural and functional parcellation of the brain. The connectivity matrix is then established and the entire matrix or specific connections are compared between groups of individuals. Major differences may be found between groups at the expense of higher sampling volume and more complex statistical analysis [21] . An alteration in structural connectivity of the temporal pole and the inferolateral and perisylvian cortices has been identified in unilateral mTLE [22] . A decrease in structural connectivity with DTI, both within-module and between-module, throughout the default mode network (DMN) has also been observed in mTLE compared to nonepileptic subjects [12, 23, 24] . A widespread increase in global network efficiency is seen within the DMN in mTLE, implying a facilitation of propagation of epileptogenicity throughout the region. Some reorganization of the limbic system in mTLE has also been identified [25] .
With increasing use of neuroimaging biomarkers, noninvasive investigational techniques may ultimately supplant invasive monitoring as a means of localizing focal epileptogenicity and establishing surgical candidacy.
